ABSTRACT
INTRODUCTION
Existing and emerging infectious diseases are a major concern to plant, animal and human health, threaten global food security and increasingly affect the biodiversity of natural ecosystems (1, 2) . Although the diseased state is rare, myriads of micro-organisms and invertebrate pests have evolved the ability to infect another species, gain sufficient sustenance to colonize their chosen host(s) and then to reproduce and disseminate efficiently to reinitiate the infection process. In most host-pathogen, host-pest and hostparasite encounters, the host survives and the disease symptoms are limited to specific cell layers, tissues or organs. Only a few pathogenic species routinely kill their selected host(s). With the advent of molecular cloning methods 30 years ago, the functional analysis of genes in host-pathogen interactions became feasible. The aim of many of these studies is to identify the molecules and mechanisms involved in the disease formation process in an effort to develop remedial strategies to increase agricultural crop yield, to improve animal or human health or to maintain biodiversity within natural ecosystems. Since the publication of the first functional gene analyses in the early 1980s, which included the molecular characterization of the avrA avirulence gene from the bacterial pathogen Pseudomonas syringae pv. glycinea (PHI-base accession PHI:963) (3, 4) , many more genes involved in pathogen-host interactions have been identified and the number of publications has steadily increased (Figure 1) . Further key events in the history of functional gene analysis of pathogen-host interactions include: in 2005, the listing of >1500 active genome sequencing projects by the Genomes Online Database (GOLD) (5) ; in 2007, the report of a genome-wide functional analysis study of pathogenicity genes in the rice blast fungus Magnaporthe grisea; in 2010, publication of the first host-induced gene silencing (HIGS) study involving an obligate biotrophic species (6) ; in 2011, the genome-wide functional analysis of all transcrip- Figure 1 . Growth of the number of published articles screened by keyword search for PHI-base and the number of phenotypically curated genes. This figure was generated from literature records retrieved at PubMed and Web of Science using the search terms '(fung*or yeast) and (gene or factor) and (pathogenicity or virulen* or avirulence gene*) ' . Key events in the history of functional gene analysis of pathogen-host interactions include: a, identification of the first avirulence gene (4); b, >1500 genome sequencing projects listed in the GOLD database (5); c, genome-wide functional analysis of pathogenicity genes in the rice blast fungus Magnaporthe oryzae; d, the first host-induced gene silencing (HIGS) study involving an obligate biotrophic species (6); e, genome-wide functional analysis of all transcription factors and protein kinases predicted in the cereal infecting fungus Fusarium graminearum (7, 8) .
tion factors and protein kinases in the cereal infecting fungus Fusarium graminearum (7, 8) .
Established in 2005, the pathogen-host interactions database (PHI-base) contains expertly curated molecular and biological information on genes proven to affect the outcome of pathogen-host interactions. Phenotypes can be assigned to the outcome of such interactions. Within PHI-base, genes are catalogued when their function in the pathogenic process has been tested through gene disruption and/or transcript level alteration experiments. These genes are termed pathogenicity genes if the effect on the phenotype is qualitative (disease/no disease). They are called virulence/aggressiveness genes if the effect is quantitative. Another category of genes increasingly catalogued in PHIbase are effector genes formerly known as avirulence genes. Effector genes either activate or suppress plant defence responses.
There are five key motivations to improve the data content of PHI-base and its taxonomic coverage: (i) In the post-genomics era and with the ever cheaper cost of wholegenome sequencing there is intense interest in comparative pathogen genomics to identify functionally homologous genes, as well as species-unique genes. (ii) The breadth and efficiency of both forward and reverse genetics analysis in plant-and animal-infecting pathogenic species has accelerated the pace of discovery, with generated mutants subject to intense investigation and scrutiny. In many interaction studies, model host species are used increasingly to save costs, but which may or may not yield results equivalent to those obtained in the natural host species. Thus, comparisons with known interactions in the natural host can be informative. (iii) Many gene sequences linked to a pathogenic process lack sufficient formal descriptive annotation, such as that provided by Gene Ontology (GO) (9) . PHI-base provides a repository for such gene annotation. (iv) Increased species coverage across a wider taxonomic range permits the PHI-base data to be used in silico to predict with a higher level of confidence the repertoire of virulence associated genes in more species. (v) Finally, and most importantly, researchers require free and easy access to different types of interaction information to facilitate hypothesis generation and knowledge discovery.
Here, we report on a major increase in PHI-base gene content, new database features, integration with complementary databases and use cases. The original release of PHI-base was published in the NAR database issue in ditional data and new features available within PHI-base version 3.0 (11). Since then usage of PHI-base has grown and the PHI-base website receives about 1500 hits per quarter, excluding internal users, with users located in ∼89 countries. Several other databases provide information which partially overlap with either the species data or biological information provided within PHI-base. These resources include the Fungal Virulence Factor Database (DFVF) (12) , the e-Fungi project (13) (20) , PLEXdb (21) and the database on virulence factors of pathogenic bacteria (VFDB) (22) . These complementary resources and their specialisms are summarized in Table 1 . When used collectively, these databases provide prospective and existing users of PHI-base with a substantially enriched environment to pursue a wide range of simple to advanced in silico analyses on pathogenic organisms and the underlying pathogenic processes.
NEW FEATURES

An expanded taxonomic range and controlled vocabulary
Version 3.0 released in 2007 contained information on bacterial, fungal and oomycete pathogens, as well as plant endophytes. Version 3.6 now also includes pathogenic plant infecting nematode and aphid pests and animal/human infecting parasites (Table 2 ). Between these versions of PHI-base, the total number of pathogenic species has risen from 95 to 160. The number of bacterial pathogens tripled over the same period. In addition, the number of obligate biotrophic species has increased from three to seven. To help PHI-base users become rapidly familiar with the biology of the wider range of pathogens and pests available, a full list of the pathogenic species covered in PHI-base version 3.6 is provided in Supplementary Table S1 along with their NCBI taxon identifier and both the natural and experimental host(s). The number of documented host species naturally infected by each pathogen and the identity of obligate biotrophs among the species is also described. This level of detail is provided to assist users in the selection of pathogenic species to include in comparative genomic analysis. An up-to-date version of Supplementary Table S1 is maintained on the PHI-base 'About' website, reflecting the data for each new release.
A new addition requested by users is the consistent use of a controlled vocabulary of high-level phenotyping terms (Table 3) . Currently, nine phenotyping terms are used to permit consistent data retrieval, comparative phenomics across a wide taxonomic range and statistical analysis. Only one term is assigned per host-pathogen interaction. An interaction is defined as the function of one gene, on one host and one tissue type. The PHI-base phenotype terms selected are routinely used in research articles but mapping to GO terms is not supported due to their high-level nature. Since 2008, several new techniques for investigating gene product function have become more widely adopted. For example, for some obligate plant infecting pathogens, including Blumeria and Puccinia species which infect specific cereal hosts, a novel technique called host-induced gene silencing (HIGS) is used. In HIGS, an antisense construct is expressed from the host species and used to transiently silence a specific pathogen gene during the infection process, which if successful, results in an altered phenotypic outcome (23) . The eight entries PHI:2896 to PHI:2903 were obtained for the Blumeria graminis f. sp. hordei-barley interaction using the new HIGS technique.
Additional content and species coverage
PHI-base version 3.6 contains information on 2875 genes, 4102 interactions, 110 host species and 160 pathogenic species. The pathogen species include 103 plant, 3 fungal and 54 animal infecting species. The organisms in the database cause 181 different diseases and were obtained from 1243 peer-reviewed references. The functional gene information included was curated from studies published between 1987 to the end of 2013. Details of the host and pathogen species coverage is given in Table 2 and Supplementary Table S1 . One-third of the prokaryote interactions now involve a human pathogen, with the highest number of 115 interactions from Salmonella species. For plant infecting bacteria the highest numbers are 300 and 161 interactions from Xanthomonas and Pseudomonas species, respectively. The fungal pathogen interactions are dominated by the Ascomycetes (67 species) followed by the Basidiomycetes (8 species), providing 2759 and 405 interactions, respectively. The fungal interactions are also predominantly from plant infecting species (2645 interactions) compared to animal/human infecting species (519 interactions). The number of interactions from the eight oomycete species is far lower at 86, which are all from plant infecting species. The newly curated plant infecting nematodes and aphids and animal/human infecting parasites provide 43 interactions from 9 species. The new data is summarized by host type and pathogen species taxonomy in Table 2 . The plant pathogen species providing the greatest number of interactions are the cereal infecting fungi Fusarium graminearum, Magnaporthe oryzae and Ustilago maydis, Xanthomonas bacteria and the dicotyledonous infecting fungus Botrytis cinerea and Pseudomonas bacteria. For animal/human infecting species the greatest number of interactions are provided by the fungi Candida albicans and Cryptococcus neoformans and the bacterium Salmonella entrica ( Table 2) . The nine new high-level phenotypic outcome terms are defined in Table 3 . These have been included in the advanced search to permit researchers to explore the database across a wide range of taxonomically diverse species which exhibit very varied pathogenic lifestyles. Only the entry types 'effector' and 'enhanced antagonism' are limited to plant infecting species. In total, 84 interactions from a total of 23 species have the outcome 'increased virulence (hypervirulence)'. This expanding number is noteworthy and suggests that negative regulation of key pathogenicity processes commonly occurs during the infection and colonization of both plant and animal hosts. Also of interest are the 1224 interactions (29.8% of the entire database content) with the outcome 'unaffected pathogenicity'. The majority of these have been reported for plant pathogens. These negative outcomes (25) . In the animal pathogen Vibrio cholerae, the effect of a triple mutation on biofilm formation and virulence was used to test the combined function of tatA (PHI:2415), tatB (PHI:2416), tatC (PHI:2417) and revealed this small gene family was required for virulence in mice (25) . Going forward, the use of the 'unaffected pathogenicity' category in comparative species analyses will be particularly informative when the genes involved are present in only one copy per species. This approach will reveal which genes function in a species-specific or taxon clade-specific manner.
The high-level phenotypic outcomes for all interactions are summarized in Table 4 . A total of 120 PHI-base accessions have been assigned the high-level phenotypic outcome 'Essential (lethal)'. In these studies, mainly two types of experimental data were reported. First, in Aspergillus fumigatus a promoter replacement strategy was employed to construct conditional mutants. For these mutants the addition of ammonium into the nitrogen source switches off gene expression and this allows functional gene tests of essential genes (26) . Secondly, in genome-wide gene replacement studies in Gibberella zeae no transformants were recovered in repeated experiments, while transformants were recovered for many other genes. Thus, authors considered that the gene's function was 'essential for life' (7, 8) .
A 'mixed outcome' of phenotypes can be assigned when the transgenic mutants generated are tested on either multiple host species or different tissues/organs of the same host species. Different outcomes on hosts belonging to different kingdoms potentially indicate a differential host require- (26) . In total, 1550 out of 2047 interactions involved in plant pathogenesis from pathogens with an available reference genome have been mapped to Ensembl Genomes. The remainder of the PHI-base accessions are either associated with only genetic data or the genome sequence information is still missing, or are associated with previously reported sequences and isolates that differ from those in the published reference genomes. Work is continuing to resolve these cases.
Nucleic Acids
Research, 2015, Vol. 43, Database issue D649
Functional analysis of PHI-base accessions
The entire contents of PHI-base are available to users from the 'Download' section, where sequence information is available for 2527 PHI-base accessions. We surveyed the content of PHI-base accessions by cataloguing the protein accessions using their GO classification using Blast2GO software and standard parameters (28) . GO terms were assigned to 63% of PHI-base accessions (Figure 2 ). For a total of 37% (929 proteins), no GO annotation could be made. Many of these accessions are species-specific proteins and are effectors. The major GO categories assigned included (i) metabolic processes, (ii) cellular processes, such as cell communication, and (iii) single-organism processes, such as cell proliferation, filamentous growth and pigmentation. Microbial pigments in pathogens are known to provide protection against ultraviolet radiation, host-defence products and other stresses encountered during host invasion.
The category 'cell killing' was only assigned to six accessions and included Pseudomonas effectors and the Vibrio cholerae enterotoxin. This low number is an unexpected result because for many of the host-pathogen interactions catalogued in PHI-base at some point host cell death occurs, i.e. in interactions involving pathogens with a necrotrophic or hemibiotrophic lifestyle.
TECHNICAL DEVELOPMENTS, CURATION AND OUT-REACH
Data curation and release management
In the NAR 2008 article (11) we provided the details of the curation procedure in use. This procedure is still in place. However, due to the increasing volume of literature requiring curation (Figure 1 ) we now use additional procedures. Primarily, papers are found in the literature databases Web of Science and PubMed using the keyword search terms: The transgenic strain which expresses altered levels of a specific gene product(s) causes the same level of disease compared to the wild-type reference strain. Increased virulence (Hypervirulence)
The transgenic strain causes greater incidence or severity of disease than the wild-type strain.
Effector (plant avirulence determinant) Some effector genes are required to cause disease on susceptible hosts but most are not. A plant pathogen-specific term which was previously referred to as a corresponding avirulence (Avr) gene. An effector gene is formally identified because its presence leads to the direct or indirect recognition of a pathogen in resistant host genotypes which possess the corresponding disease resistance (R) gene. Positive recognition leads to activation of plant defense and the pathogen either fails to cause disease or causes less disease. In the absence of the pathogen, effector delivery into a healthy plant possessing the corresponding R gene activates plant defense responses. Lethal
The transgenic strain is not viable. The gene product is essential for life of the organism.
Enhanced antagonism
The transgenic strain shows greater endophytic biomass in the host and/or the formation of visible disease symptoms.
Resistant to chemical
The transgenic strain b grows and/or develops normally when exposed to chemistry concentrations that are detrimental to the wild-type strain.
Sensitive to chemical
The transgenic strain which expresses either no or reduced levels of a specific gene product(s) or possesses a specific gene mutation(s), has the same ability c as the wild-type strain to grow and develop when exposed to detrimental chemistry concentrations.
a Compared to wild-type reference strain (i.e. a direct isogenic strain comparison). b Molecular studies on natural field isolate population are also considered, once the natural target site has been identified. c On rare occasions increased sensitivity to chemistry has been observed. (fung*or yeast) and (gene or factor) and (pathogenicity or virulen* or avirulence gene*) (29) . Text mining is not employed due to the fact that relevant information has to be extracted by analysing figures, tables and text in the peerreviewed articles. This task can only be done by trained biocurators with a strong understanding of the research area. PHI-base relies heavily on support of the scientific community to suggest relevant articles for curation and for the subsequent quality control of entries. The PHI-base team does not have any individual member solely dedicated to data curation. Instead, team members curate data on a part-time basis and when the need arises. In an effort to close a curation gap for articles published between 1984 and 2014, a collaboration was established with the curation scientists at Molecular Connections, Bangalore, India. The biocurators give priority to author assigned gene function over computational transferred annotation, such as GO terms. The author-assigned function is frequently extracted from either title or abstract. Experts from the scientific community are invited on a regular basis to verify new records before uploading into the database and provide quality control.
Mapping PHI-base phenotypes to Ensembl Genomes
Through the cross-referencing with Ensembl Genomes (http://ensemblgenomes.org) PHI-base annotations can now be visualized directly in their genomic context, identifying features, such as pathogenicity islands through a simple system of colour coding using the nine high-level phenotyping terms. This new way to explore the data in PHIbase is shown in Figure 3 . The phenotyping term 'mixed outcome' is also used to identify genes where a range of interaction outcomes have been identified depending on the host species and/or tissue type evaluated.
Nucleic Acids Research, 2015, Vol. 43 , Database issue D651 Figure 2 . GO terms assigned to PHI-base accessions in Version 3.6 mapped to a biological process.
APPLICATIONS OF PHI-BASE
PHI-base use has been cited in over 100 peer-reviewed publications. These publications are listed in year order in the 'About' section of the database. Recently published PHI-base use cases include genome mining and comparative genomics (30, 31) , the selection and functional testing of candidate virulence factors in newly sequenced fungal and nematode pathogens of agricultural importance (10, 11) and studies investigating the subtle differences between pathogen and biocontrol species (23) . In Table 5 the main uses of PHI-base are given along with literature examples (14, (30) (31) (32) (33) (34) (35) (36) (37) (38) (39) (40) (41) (42) (43) (44) (45) (46) . In the past 4 years we have observed a gradual shift in PHI-base use, with an increase in the number of larger comparative gene function studies and investigations reporting the in silico prediction of virulenceassociated genes.
FORTHCOMING DEVELOPMENTS
Tools for community-led curation
A big challenge facing all biological databases is the growing quantity of data and the relative difficulty of obtaining resources to curate the knowledge that derives from it. For the pathogen-host interaction community the scale of the problem is considerable (Figure 1 ). One solution is to encourage community-based curation, particularly by the authors of scientific publications, who may be motivated to have their work correctly represented within the database, and who are the experts in their own specialist domains (although they may not be expert in the conventions in use within the database). Inclusion of studies in PHIbase also improves their visibility and accessibility. PHIbase has a curation model based on community contribution, although hitherto, this has involved certain collaborators curating many papers in their own area of expertise, after prior training in the data entry tools. A more scalable model would allow all users to directly curate their own papers without prior training. A new easy-to-use web-based interface for direct access by the wider community is currently in development.
The PHI-base web-based curation tool will facilitate curation of pathogen-host interactions from peer reviewed literature into PHI-base by the authors doing the experimental analyses. This curation tool will be based on the recently developed Canto tool, an online tool that supports functional gene annotation (47) . Canto is part of the Generic Model Organism Database project, which provides a suite of open software for managing genetic data (http://www. gmod.org). Canto has proven effective for the communitybased curation of data for the fission yeast database, PomBase (http://www.pombase.org) (48) . The PHI-base curation tool will use ontological data from a variety of sources, most notably from the Open Biological and Biomedical Ontologies Foundry (http://www.obofoundry.org) (49) . However, some terminology is specific to the nature of the interactions captured in PHI-base, so will require the development of new controlled vocabularies for this purpose. For example, an 'interaction evidence' ontology will be created to specify the evidence for pathogen-host interactions, thus complimenting the gene-centric data from the GO. Also, in addition to the controlled high level vocabulary above describing the phenotype of the pathogen (Table 4) , a similar controlled vocabulary can be created to describe the affect the interaction has on the host organism. To ensure quality and consistency of the curated data, all annotations will still be approved by a curator or expert with knowledge of the species and the captured data. 
Tools for data mining
We are currently developing a new tool for the analysis and extraction of whole genomic data from plant pathogens as part of the PhytoPath project (http://www.phytopathdb. org) using the data warehousing framework BioMart (50), allowing users to mine genomic data (for sequence and annotation) across multiple species based on PHI-base annotations in conjunction with other annotations. The tool is expected to be launched before the end of 2015.
Other activities
Our intention is to extend the taxonomic range available within PHI-base to ∼200 host-infecting species within the next 2 years. At this level of species coverage detailed analyses within and between specific groups of pathogens with different infection strategies, host ranges, taxonomic assignments or between pathogenic and closely related nonpathogenic, endophytic or symbiotic lifestyles should be feasible.
In the next phase of curation a greater emphasis will be placed on the effector literature which should increase the number of interactions from bacterial, oomycete and obligate biotrophic species. To accompany this development, the curation of the corresponding host target(s), i.e. initial molecular partner in the host has commenced and this important information should soon be available. For example, various bacterial effectors including AvrRpm1 (PHI:977) and AvrRpt2 (PHI:979) are delivered into the plant cytoplasm via the bacterial type III secretion system. These effectors interact with the Arabidopsis protein RIN4 (51) . These protein interaction data sets are of growing importance in the analysis of host-pathogen, host-pest and hostparasite interactions as they typically represent communication events that have co-evolved between biological kingdoms. For example, Arabidopsis mutants harbouring T-DNA insertions within different host targets of specific effectors were found to exhibit an enhanced disease resistance (edr) phenotype to both powdery and downy mildews (52) . In addition, by the inclusion of the corresponding host targets, more effectors from obligate biotrophic species can be curated into PHI-base. These effectors are rigorously tested for their role in pathogenicity using a range of other techniques, but not those involving the generation of stable pathogen transformants.
Database access and feedback
PHI-base can be freely accessed at http://www.phi-base. org. The complete database can be downloaded from the 'Download' section. Prior to downloading the entire database to create local Basic Local Alignment Search Tool databases or for other bioinformatics applications (Table 5) , users are asked to fill in a registration form. This allows PHI-base to monitor the number of academic and industrial users, a requirement by our sponsors.
User support can be obtained from this email: contact@phi-base.org. Please use this email address if you wish to provide new data for inclusion in PHI-base, if you are an expert willing to assist with curation, for the nomination of peer-reviewed papers to be curated, or if you can provide suggestions for improvement to the PHI-base website.
To increase the awareness of PHI-base developments within the community and for users to be notified when new releases occur, we have developed a PHI-base user mailing list (users@lists.phi-base.org). Users can subscribe from a link on the PHI-base website in the 'Help' section, or directly by going to https://www.lists.rothamsted.ac.uk/ mailman/listinfo/users.
